This paper is concerned with the maneuvering motion of a ship with VecTwin Rudder system. Firstly the forces on a couple of rudders and the interaction between both rudders steered with rudder angle are investigated analytically and experimentally. Secondly the free running model experiments are conducted for the turning, zig-zag and stopping maneuvers which are compared with the results simulated by mathematical model to describe the maneuvering motion. Finally an expression of force on VecTwin Rudder is proposed for the MMG model.
Introduction
VecTwin Rudder system consists of a couple of rudders behind a propeller and a joystick steering device to control the rudder angle of each rudder separately.The rudders are movable to a very large angle compared with normal rudder, and have an unconventional section with wedge-shaped tail. By controlling the rudders to set the prescribed angle with out the change of propeller revolution, it is possible to give a ship several maneuvering mode which are called Ahead, Hovering, Astern, Ahead to starboard or port, Astern to starboard or port. At the present time a number of ships which are equipped with VecTwin Rudder system has already operated as a shuttle tanker and carrier of dangerous cargo because of easy operation for maneuvering performance.
From a view point of operational safety of ships at sea, it will be an important subject to investigate and to make the properties of such maneuvering mode clear. The main problem here is to investigate the hydrodynamic property of VecTwin Rudder and to simulate several maneuvering mode by using the equations of maneuvering motion.
In order to obtain some solution of the problems, the following experimental and analytical approaches are carried out in this paper. Firstly, the wind tunnel tests were carried out for measuring the forces acting on a couple of rudders and the mutual interaction between both rudders. A theoretical approach based on Bollay 
where m and I denote the mass and moment of inertia of a ship, mx, my and J the longitudinal and lateral added masses and added moment of inertia respectively, XH, YH and NH the hydrodynamic forces and moment acting on a ship, XR, YR and NR the rudder forces and moment including the interaction between propeller and rudder, 81 and 82 the rudder angles of port and starboard sides, T the thrust of propeller, tp the thrust deduction coefficient and R(u) the ship resistance. The expression and evaluation of the added masses and hydrodynamic forces in Eq. ( 1 ) are available from the empirical formula of Inoue and Kijime or experimental data of the planar motion mechanism test and the circular motion test. Some new approach is how-ever required for the expression and evaluation of XR, YR and NR including the interaction with propeller and ship hull. Accordingly experimental and analytical approaches to the forces on VecTwin Rudder are mainly carried out in detail.
Normal force on VecTwin Rudders
In studying the properties of VecTwin Rudder system, Bollay's flow model' is applied for predicting the normal forces acting on the rudders and for investigating the mutual interaction of rudders. When the geometrical angles of incidence of both rudders are given as shown in Fig. 1 , the rudders can be represented by vortex sheets 71 and 72 which have the same chord c and span 2s as the rudder.
According to Bollay's flow model, the vorticity is constant along the direction of span and varies with respect to the direction of chord. Thus the vorticities 71(e) and 72 (x) are the function of the coordinate along the direction of chord where $ is the coordinate for the No. 1 rudder and x for No. 2 rudder. The induced velocities normal to the center line of vortex sheet must be equal to the inflow velocity component normal to the vortex sheet and satisfies Kutta condition at the trailing edge. According to the flow model as shown in Fig. 1 , the vorticities y (E) and 72(x) of both rudders must satisfy the following integral equations : ( 
and h is the gap of both rudders at the rudder stock, the distance measured from the rudder stock to the leading edge and f the gap of between the point $ on the centerline of No. 1 rudder and the point x on the centerline of No. 2 rudder which is ( 8 ) It will be possible to obtain the numerical solution of integral equations ( 1 ) and ( 2 ) according to Sugai's method' which is developed for a single wing. Applying this method to biplane system, the unknown functions 71(E) and 72(x) can be assumed as Substituting Eqs. (9) , (10) , (11) and (12) into Eqs. ( 2 ) and ( 3 ) , Eqs. ( 2) and ( 3 ) The theoretical results of fa and Lila are compared with the experimental results from the wind tunnel test shown in Fig. 4 . Although the normal force coefficients CNi and CN2 vary with a non-linearity as a function of rudder angles, the average values of fa and Lila are almost constant in the range of a small rudder angle where fa is approximately ten times bigger than Lila.
Turning and Zig-Zag Maneuvers
Free running model experiments were carried out for evaluating the turning and course-keeping abilities of a car carrier with VecTwin Rudder system as shown in Fig. 5 and Table 1 . And also the time domain simulations were conducted by making use of the mathematical model to describe the hydrodynamic forces on the model and the rudder forces obtained from the previous section.
It is first required to evaluate the hydrodynamic forces XH, YH and moment NH as follows : The ship resistance coefficient, the linear and nonlinear hydrodynamic derivatives are obtained from the towing test, oblique test, planar motion mechanism test and empirical formula of Inoue-Kijima as shown in Table 2 . Next, according to MMG model, the rudder forces XR, YR and NR are represented as Here XR and (tp -1) in Eq. (45) are unkown terms to be obtained from the experiments. XR can be evaluated by the wind tunnel tests measuring the force on the rudders steered with clam shell rudder angle behind the propellar as shown in Fig. 8 . Fig. 9 indicates XR/ T and KT for U/nP. Fig. 10 indicates the time history of speed drop U/Uo maneuver and stopping distance E/L during the stopping maneuver in comparison with the simulation from Eq. (49) . Fig. 9 Experimental results of XR/ T and KT for advance constant 
Conclusions
The experimental and analytical investigations are conducted for the maneuvering motion of a ship with VecTwin Rudder system. The main conclusions are summarized as follows :
( 1 ) A practical formula to describe the normal force on a couple of steered rudders is presented on the basis of theoretical and experimental analysis taking into account the interaction between both rudders. ( 2 ) The properties of turning, zig-zag and stopping maneuvers are evaluated by the free running model experiments and numerical simulations . ( 3 ) An analytical formula to predict the speed drop during stopping maneuver, stopping time and stopping distance are proposed for a ship which is steered with the clam shell rudder angle .
